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Abstract 





200 [Impact of Fusion-Fission Hybrids on World Nuclear Future | 





<t lan investigation has been conducted to examine the impact of 
fusion-fission hybrids on world nuciear future. The primary ob- 

| jectives of this investigation have been: (1) to determine whether | 

hybrids can allow us to meet the projected nuclear component of 

the world energy demand within current estimates of uranium re- 

Sources without fast breeders, and (2) to identify the preferred 


hybrid concept from a resource standpoint. 





The results indicate that hybrids have the potential to lower the 
world uranium demand to values well below the resource base. 
However, the time window for hybrid introduction is quite near 
and narrow (2000-2020). If historical market penetration rates 
are assumed, the demand will not be met within the resource base 


unless hybrids are coupled to the breeders. 





The results also indicate that from a resource standpoint hybrids 
which breed their own tritium and have a low blanket energy 


multiplication are preferable. (cre, | 


Zusammenfassung 





Beitrag von Fusions-Fissions-Hybridreaktoren zur zukünftigen 


Energiewirtschaft 








7 [Ziel dieser Untersuchungen war es die Auswirkungen von Fusions- 
Fissions-Hybridreaktoren auf die zukünftige Welt-Energiewirtschaft 

zu analysieren. Folgende Fragen wurden dabei untersucht: 

(1) Кбппеп Fusions-Fissions-Hybridreaktoren іт Rahmen der Ener- 
gieprojektionen ftr die Zukunft und der vorhandenen Uranreser- 


ven den Schnellen Brüter ersetzen 
(2) Welches Fusions-Fissions-Hybridreaktorkonzept ist das beste 


vom Standpunkt der Uranverfügbarkeit. 


das Potential haben, den Uranverbrauch soweit zu verringern, 336 
die heute bekannten Uranreserven ausreichen. Jedoch müßten dazu 
die Fusions-Fissions-Hybridreaktoren bereits zwischen den Jahren 
2000-2020 auf kommerzieller Basis eingeführt werden. Wenn historisch 
abgesicherte Markteindringkurven für bereits im Einsatz befind- 
liche Energietechnologien auf das Fusions-Fissions-Hybridsystem 
angewandt werden, reichen die heute bekannten Uranreserven nicht 
Als Manuskript vervielfältigt aus; es sei denn die Fusions-Fissions-Hybridreaktoren werden mit 
Für diesen Bericht behalten wir uns alle Rechte vor dem Schnellen Brüter gekoppelt. In allen Fällen müßten jedoch 
Fusions-Fissions-Hybridreaktoren zum Einsatz kommen, die ihr 
eigenes Tritium brüten und eine niedrige Blanket-Multiplikation 


Kernforschungszentrum Karlsruhe GmbH haben. (27%. 5 
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SYNOPSIS 










An investigation has been conducted to examine the impact of fusion- 
fission hybrids on world nuclear future and how they may be integrated 
into the fission industry. The primary objectives of this investigation 
have been: (1) to determine whether hybrids can allow us to meet the 
projected nuclear component of the world energy demand within current 
estimates of uranium resources with or without fast breeders, and (2) to 
identi fy the preferred hybrid concept from a resource standpoint. 

This study focuses on the time period between the present and the 
year 2075. Different scenarios where Th/U or U/Pu fusion-fission hybrids 
are coupled to different fission reactors (light water denatured, heavy 
water denatured, plutonium high converters, and plutonium fast breeders) 
have been examined. In addition, two reference scenarios where LWRs are 
coupled to either plutonium fast breeders or high converters have been 
examined. The annual and cumulative uranium requi rements for these 
different scenarios up to the year 2075 have been determined assuming 
INFCE's low demand projecticn of world nuclear capacity. These uranium 
requi rements correspond to the optimum time-dependent shares of the 
different reactor types in each scenario which were obtained using the 
strategy optimization code SOP-KA. The analyses have been performed for 
different hybrid design parameters, hybrid and breeder introduction dates, 
and market penetration constraints. 

In 31] the hybrid scenarios, the tritium required for hybrid start-up 
is assumed to be produced in power-generating dedicated fission reactors 
with tritium production rates equal to those oí Savannah-ri ver-type 


reactors. For U/Pu systems, the possibility of producing the tritium in 


























VI 


fast breeders has also been examined. For each hybrid scenario, four 
variations have been examined corresponding to whether the hybrid has a 
high or low blanket energy multiplication and whether the tritium recuired 


to fuel the hybrid is bred by the hybrid itself or by the dedicated fission 







reactors. 












Values of the cumulative uranium demand for the different scen rios 






have been compared with recent estimates of the reasonably assured and 










estimated additional uranium resources with recovery costs up to 





130 $/kg U. 










The main conclusions of this study are: 










(1) From a resource standpoint, hybrids which breed their own tritium 






fuel and have a low blanket energy multiplication are preferable. 






























The resource penalty associated with tritium breeding outside the 
hybrid is quite severe and is equivalent to a delay in hybrid 
introduction until a sufficient number of tritium producers is built. 


(2) Hybrids have the potential to lcwer the cumulative uranium demand to 















values wel! below the resource base. However, the time window for 
hybrid introduction is quite near and narrow (2000-2020). 

(3) If breeders or plutonium high converters are not used, hybrids must 
be introauced early (2000) and must penetrate the market rapidly if 
the projected nuclear component of the energy demand is to be met 


within the resource base. If delayed till 2020, the demand can be 












met only if hybrids are coupled to the breeders and if both reactor 
types are allowed to penetrate the market rapidly. 

(4) Traditional market penetration constraints are too restrictive so 
that hybrids will not "do the job" unless they are simultaneously 


introduced with the breeders in the year 2000. 


















(5) The use of hybri 
annual uranium d 
year have been o 
hybrids are intr 
for an introduct 
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with little resc 
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ds results in a significan. reduction in the maximum 
emand. Values of 0.11 and 0.17 million tonnes per 
btained for U/Pu and Th/U scenarios respectively when 
oduced in the year 20^0. The corresponding values 

ion date of 2020 are 0.17 and 0.26 million tonnes 

lemand disappears ent rely after 35-40 years from hybrid 
his means that uranium accessibility for large consumers 
urces of their own will not be the main problem; 
resource base remains to be the primary issue. 

Is with low blanket multiplication are coupled to 

it or heavy water reactors, a relatively small hybrid 

, required because of their high support ratio. Hybrids 
lucers may be placed within secure boundaries while the 
‘ters would be available to countries which need them. 
jide/inside ratio obtained in these scenarios ranges 

) for LWRDs and HWRDs, respectively. 

-onclusions are coupled with the current status of fusion 
`d progress milestones, one cannot escape the conclusion 
and deployment of hybrids does not diminish or eliminate 


sede rS 。 





























ABSTRACT 


An investigation has been conducted to examine the impact of 


fusion-fission hybrids on world nuclear future. The primary objectives 


















of this investigation have been: (1) to determine whether hybrids 
can allow us to meet the projected nuclear component of the world 
energy demand within current estimates of uranium resources with or 
without fast breeders, and (2) to identify the preterred hybrid 


concept from a resource standpoint. 


The results indicate that hybrids have the potential to lower 
the world uranium demand to values well below the resource base. 


However, the time window for hybrid introduction is quite near and 





narrow (2000-2020). If historical market penetration rates are assumed, 


the demand will not be met within the resource base unless hybrids 


are coupled to the breeders. 


The results also indicate that from a resource standpoint hybrids 
which breed their own tritium and have a low blanket energy multip!i 


cation are preferable. 
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|. INTRODUCTION 

It is generally recognized that for nuclear fission to provide 
a substantial fraction of the world energy needs for more than only 
a few decades, the natural fissile content of uranium ore resources 
must be supplemented [1,2]. Current projections of the nuclear 
component of world energy demand and estimates of uranium resources 
leave no doubt that a worldwide shortfall of fissile fuel early in 
the next century will be highly likely. The shortfall can be avert- 
ed by early and rapid introduction of fast breeder reactors. However, 
safety and weapons-proliferation concerns, both real and imaginary, 
have hampered deployment of the plutonium-fueled liquid metal fast 
breeder reactor in several key countries [1,3,4]. An intensive search 
for alternative breeder and near-breeder reactors, along with 
nuclear fuel cycles which do not allow easy access to weapons grade 
materials has been undertaken [1]. In addition, consider.ble 
interest has recently been generated in fusion-fission hybrid 


concepts as a potentially-attractive method for producing fissile fuel 


and a vehicle for early introduction of fusion [5.6]. The idea is to 


surround the fusion reaction region with a blanket of fertile mater- 
ial so that the fusion neutrons would convert the fertile isotopes 
Th-232 or U-238 to U-233 or Pu-239 respectively. 

The fissile material produced in the hybrid can be burned in 


fission reactors or it can be partially burned in-situ releasing 


considerably more energy than that generated by fusion. Thus, hybrids can 


nicely coupis the ''fast neutron-rich but energy-poor'' DT fusion process with 


ine "energy-rich but neutron-poor' fission process. Neutron multiplication 


in the hybrid blanket through (n,2n), (n,3n), and (n, fission) reactions makes 
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it possible for the total number of breeding captures per OT fusion neutron 
to be considerably larger than unity. This means that even if hybrids are 
made to breed their own tritium fuel, large quantities of fissile materials 
can still be produced per unit of fusion energy [ 7]. 

The most attractive feature of the hybrid concept is that it may 
allow fusion to make an early and significant contribution to the wo: ld 
energy needs [5,6]. The fission energy produced in the supported 
fission reactors and in the hybrid blanket itself makes it possible 
to relax the fusion gain requirements in the hybrid. Reduced gain and 
plasma confinement parameters in magnetic fusion devices, and low 
driver efficiency or target gain in inertial confinement fusion may be 
tolerable. Hence, it is reasonable to expect that hybrids can be de- 
ployed much earlier than pure fusion devices anc possibly open the 
way for them. 

Fusion-fission hybrids have potentially much higher fuel prod- 
uction rates per unit thermal power than fast breeders [8]. Neutronic 
analyses and conceptual reactor studies hav^ shown that a U/Pu hybrid 
can produce enough plutonium to fuel as many as six LWRs of equivalent 
thermal power on a steady-state basis [9]. The support ratio is 
even higher for Th/U hybrids because U-233 Is a more efficient 
fuel for thermal fission reactors and because in the hybrid blanket 
Th-232 has a much lower fast-fission cross section than U-238. This 
is significant not only from an economic viewpoint but also from the 
standpoint of hybrid ownership and proliferation concerns. Ina 
scheme similar to that outlined by Feiveson and Taylor [4], the hybrids 
may be placed within internationally-monitored, physical ly-secure 


"fuel production centers' while the converter reactors using the 


нь 
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produced 233) would be operated on the so-ca! led 
and would be available to countries that need th 
will be feasible only if the generating capacity 
is much larger than that inside. In addition, t 
production rates may make it economically  feasi 
off-line; this м!!! be an important consideratic 
hybrids with expectably low plant availability. 


I. 1. Objectives 





The literature abounds with studies of fusi 
ranging from detailed multi-dimensional neutroni 
blankets to conceptual hybrid reactor designs fc 
drivers. Little work, however, has been done tc 
the impact of fusion-fission hybrids on world በኒ 
they affect the uranium demand if current long-t 
nuclear energy component are to be met. To thi 
been undertaken. The primary objectives of this 
been: (1) to determine whether hybrids can allc 
projected nuclear component of the world energy 
estimates of uranium resources with or without 1 
determine whether there is a ''time window'' for } 
how such a window is affected by market penetrat 
to identify the preferred hybrid concept from a 
(i.e. fuel vs. power producing hybrids, with or 
ing for both Th/U and U/Pu Systems), and finally 
impact of hybrids on proliferation as measured t 
capacities outside and inside the fence. 

It should be enphasized that this study fo 


question of resource adequacy; assessment of th 


feasibility of hybrids and other advanced react 


this investiga tion. 


| denatured fuel cycle 

em [9,10]. This scheme 
"outside the fence'' 

he hybrids' large fuei 

ble to operate them 


n for first generation 


on-fission hybrids [5-16] 
c analyses of hybrid 

r different fusion 

| realistically examine 
iclear future and how 
erm projections of the 
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‚ investigation have 
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11. METHODOLOGY 


11.1. Nuclear Demand Projections 





This study focuses on the time period between the present and the 
year 2075. |t is assumed that pure fusion reactors will not contribute 
significantly to the world energy needs till the end of that period. 

This assumption will not alter the results of this investigation for the 
period between the present and the point when pure fusion actually pene- 
trates the market and represents a commercially-significant share (>1%) 
of the installed capacity. 

Several forecasts of world nuclear generating capacity have recent- 
ly been published (Table 1). The accuracy of these forecasts is difficult 
to assess inasmuch as they depend on economic, social, and political con- 
straints. The uncertainty, as measured by the percent difference between 
the high and low demand projections, is quite large and increases with 
time, being about 50% in the year 2000 and more than 100% in 2025 (Fig. 1). 
With this caveat in mind, this investigation is based on INFCE's low 
demand projection of world nuclear capacity extrapolated to the year 2075 
(Table 2). This forecast is the most recent and is based on estimates 
made by individual countries of their projected energy needs. The use of 
such low forecast will not alter the general conclusions of this investiga- 
tion. Estimates of the cumulative uranium consumption to be determined on 


the basis of this low demand projection represent lower bounds and are, 


therefore, optimistic. 


11.2. Hybrid Coupling Scenarios 














The annual and cumulative world urani':m demand for the different 
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scenarios shown in Fig. 2 up to the year 2075 have been determined. The 
optimum time-dependent shares of the different reactor types have been 
determined using the strategy optimization code SOP-KA [ 17 ] (Appendix B). 
These time-dependent shares are determined so that the projected demand 
(Fig. 1) is met and the cumulative urenium consumption at 2075 is mini- 
mized. The analyses have been made for different hybrid, breeder, and 
advanced reactors introduction dates, market penetration scenarios, and 
hybrid design parameters. 

Scenarios | and 11 in Fig. 2 are reference cases where LWRs are coup- 
led to either Pu high ር nverters (HC) or fast breeders (FBR). The LWRs 
сап be converted to burn plutonium, if it is available, only after the 
FBRs or HCs enter the market. Scenarios 111 and IV are for Th/U hybrids 
(HY8) coupled to either light or heavy water denatured reactors (LWRD, 
HWRD), while scenarios V and VI are for U/Pu hybrids coupled to either 
Pu high converters or fast breeders along with LWRs. For the Th/U sys- 
tems, the LWRs built before hybrid introduction are assumed to operate in 
а once-through mode (OT) and may be converted to LWRDs when U-233 bred by 
the hybrids becomes available. For scenarios V and VI, the LWRs may be 
converted to burn plutonium if it is available only after the hybrids and 
breeders (or HCs) enter the market. 

In ali the hybrid scenarios (111 through VI), the tritium required 
for hybrid startup is produced in power-generating dedicated fission 
reactors (SR) with production rates equal to those of Savannah-river-type 
reactors. For U/Pu systems (V and VI), the possibility of replacing the 
SRs with tritium-producing fast breeders (FBRT) has also been examined. 
For each hybrid scenario (111 through VI), four hybrid designs have been 


examined corresponding to whether the hybrid is primarily a fuel or power 
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producer (i.e. low or high blanket energy multiplication) and whether 


the tritium required to fuel the hybrid is bred by the hybrid itself or 


by the dedicated fission reactors (SRs or FBRTs); this results in a total 


of 26 scenarios. 
The main design parameters for the different fission reactors used 
in this investigation, namely, LWR (OT), LMR (Pu), LWRD, HWRD, HC, FBR, 
SR, and FBRT are given in Tables 3 through 5. The design parameters for the 
different hybrids are given in Appendix A; these are based on numerous 


neutronic calculations reported in the literature [9-15]. The fissile 


breeding rates for the different hybrids examined in this study represent 
upper bounds for the values reported in the literature, and hence, the 


estimated uranium demand values will be somewhat optimistic (i.e. low). 


11.3. Market Penetration 





The effect of market penetration constraints for the different 
reactor types (HYB, FBR, SR, FBRT, HC, and HWRD) on the cumulative uran- 
ium consumption of the different scenarios shown in Fig. 2 has been 


determined. Three market penetration constraints have been examined; 


these are shown in Figs. 3 and 4 for introduction dates of 2000 and 2020 


respectively. The introduction date has traditionally been defined as 


the point when a reactor type represents a commercially-significant 


share (1%) of the installed capacity [18]; here, however, it is defined 


as the time when the first commercial reactor is built. 


Constraint ል in Figs. 3 and 4 allows a reactor type to fully-pene- 


trate the market within ten years from the time of introduction. Full 


penetration is defined as the point when the maximum allowable introduc- 


tion rate is equal to the sum of 



















the rate of replacement for decommissioned 
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reactors and the rate of increase of projected capacity. Constraint ል 
is clearly too optimistic and is used only to determine the potential, 
i.e. a lower bound on uranium requirements, for the different scenarios. 
A similar constraint has been used by INFCE to determine the | 
potential of different breeder fuel cycles [1]. 
Constraint B in Figs. 3 and 4 is representative of historical mar- 
ket penetration scenarios. It is based on a logistic substitution modei 
for competing options [18] where the time-dependent market share f(t) 


is given by the relation: 


log (f(t)/[1 - f(t)]} = at + 8 (1) 


where t is time and а and В are constants to be obtained from historical 
trends of energy substitution systems. The growth in market share as re- 
presented by Eq. (1) applies from the point of introduction to till the 
point when a new alternate option captures a commercially-significant 
share (1%) of the market. Beyond that point the market share for the 
first option begins a period of logistic decline until it is eliminated 
[18]. In this study we assume that Eq. (1) applies throughout the 
period of interest. Based on historical growth data for different energy 
systems, the parameter a was selected to be 0.03 which is somewhat high 
[18] so that constraint B represents a somewhat accelerated penetration. 
The parameter 8 was selected so that 4139 is equal to 0.001. 

Constraint C in Figs. 3 and 4 is a simple linear model representa- 
tive of ''planned'' penetration. Most of the results to be presented here 
utilize constraints A and B. Numerical values for the maxumum penetration 


rates are given in Table 6. 

















11.4. Uranium Resources 








A comparison has been made between the cumulative uranium requirements 


of the different scenarios examined and recent estimates of world uranium 


resources [1,21]. Uranium resources are classified according to their 
recovery cost and probability of existence. Table7, taken from reference 
[1], lists estimates of the world's ''reasonably assured", "estimated ad- 
ditional", and '"speculative' uranium resources with cost of recovery up 
to 130 $/kgU. The reasonably assured resources (RAR) in these categories 
amount to 2.36 MTU, while the estimated additional resources (EAR) 

ate 2.29 MTU. The term "reserves" is equivalent to the reasonably 
assured resources with recovery cost less than 80 $/kgU. 

It is difficult to estimate uranium resources with recovery costs 
higher than those listed in Table 7 since exploration has, heretofore, 
been aimed at deposits containing more than 0.1% uranium. Environmental 
constraints and real mining costs may limit utilization of lower grade 
ores. Prudent planning should be based on the sum of RAR and EAR and 
should not include the speculative resources. It is this sum which will 
be compared with estimates of the cumulative uranium demand for the dif- 


ferent scenarios examined in this study. 



























Ill. RESULTS AND DISCUSSION 


111.1 Identification of Preferred Hybrid Concept 





Calculations have been made to identify the preferred hybrid concept 
from a resource standpoint. The two variables of interest here are blanket 
energy multiplication and tritium breeding, i.e. (1) whether hybrids should 
produce primarily fissile fuel or power (low M vs. high M), and (2) whether 
hybrids should breed their own tritium fuel or not. 

Figure 5 is a plot of the cumulative uranium consumption as a function 
of time for scenario VI with either a high or low blanket multiplication 
hybrid. Here, U/Pu hybrids are coupled to fast breeders and 
light water reactors. Savannah river type reactors are used to provide 
start-up tritium for the hybrid, however, the hybrid breeds its own 
tritium fuel. The hybrids, breeders, and tritium producers are assumed 
to be introduced in the year 2000 with market penetration constraint C. 

The hatched band in Fig. 5 represents the sum of the reasonably assured 
(RAR) and estimated additional (EAR) uranium resources with recovery costs 
up to 130 $/kgU. The band width is + 20% of EAR (Table 7). 

Figure 5 shows that in both the low and high blanket multiplication 
cases the cumulative uranium consumption increases with time and begins 
to level off at some point beyond the introduction date of the hybrids 
and breeders reaching an asymptotic value at 2075. This behavior is 
reasonable since as hybrids and breeders are gradually introduced, enough 
LWRs will have to be built to meet the balance of the demand. These LWRs 
wil! require natural uranium to fuel them until a sufficient number of 


hybrids and breeders is built. 























Figure 5 shows that from a resource standpoint a low blanke* multiplica- 
tion is preferred. Similar results have been obtained for other scenarios, 
introduction datés, and penetration constraints. This result is reason- 
able since a low - M hybrid produces more fissile material per unit thermal 
power than a hybrid with high blanket multiplication. 

Figure 6 is a plot of the cumulative uranium consumption as a function 
of time for scenario IV where the tritium fuel is produced by either the 
hybrid itself or by Savannah-river type reactors (SR). 1በ both cases, the 
start-up tritium is provided by SRs. Here, Th/U hybrids are coupled to 
HWRDs and if excess U-233 is available some of the once-through LWRs may 
be converted to LWRDs. The hybrids, HWRDs, and SRs are assumed to enter 
the market in the year 2000. Constraint C is applied to the hybrids and 
SRs only. 

The results in Fig. 6 exhibit a similar behavior as those in Fig. 5; 
the cumulative uranium consumption increases with time until enough hy- 
brids are built to support the converters. At that time it begins to 
level off and ultimately reaches an asymptotic value. Figure 6 clearly 
shows that, from a resource standpoint, it is preferable that hybrids 
breed their own tritium. The reason for this behavior is that a large 
number of SRs will be required to provide tritium for the hybrids; near- 
ly 13 GWt of SRs is required to provide enough tritium for 1 GW of fusion 
power. This means that the rate of hybrid penetration into the market 
will be limited by the rate at which SRs can be built. Similar results 


have been obtained for other scenarios, introduction dates, and pene- 


tration constraints. 



































Based on the above results, we conclude that from . resource stand- 









point the preferred hybrid concept should breed its own tritium fuel and 
















have a low blanket multiplication. There may be other reasons (pri- 










marily technological sim っ iicity) for first-generation hybrids not to breed 












their own tritium. However, the resource penalty associated with this 














option is quite severe and is equivalent to a delay in hybrid introduction 










until a sufficient number of tritium producers is built. For the remainder 






of this study, only low-M hybrids which breed their own tritium will be 






examined. For these hybrids, the source of start-up tritium will have 





little impact on the cumulative uranium consumptien since only a few of 






these reactors will be required. In the results to follow, 








Savannah-river-type reactors are used for that purpose. 







111.2 Potentia! Impact of Hybrids on Uranium Demand 












Figure 7 shows the cumulative uranium consumption as a function of 






time for the different scenarios examined in this study (Fig. 2). Here, ` 







the hybrids, breeders, high-converters, and tritium producers are assumed 





to enter the market in the year 2000. Market penetration constraint À 














has been used so that these results represent the lowest possible uranium 










demand values (i.e. potential limit) for the different scenarios. It is 






clear that hybrids (scenarios 111 through VI) have the potential to lower 





the cumulative uranium demand to values well below the resource estimates. 






The uranium demand values for the U/Pu scenarios (V and VI) are lower 


than these for Th/U scenarios (111 and IV) since they take credit for 











the plutonium produced in pre-hybrid LWRs. The uranium demand values 








for scenarios V and VI are essentially the same since the relatively 














unconstrained mar 
plutonium. For Th 
hybrids (scenario 
case when LWRDs ar 
sion ratio. 
Results simil 
are shown in fig. 
breeder introducti 
parison is reasona 
twenty years behir 
delaying hybrid ir 
the nuclear compor 
It is also clear ! 
sufficiently ear 
are based on marke 
the cumulative uri 
duction date of 2( 


potent uranium 


111.3. Effect of 





Uranium D 


The results 


the cumulative ur 

















- 14 - 























ket penetration by the hybrid results in an abundance of 
/U scenarios, the use of HWRDs In conjunction with the 
of the relatively-unrestricted market penetration assumed (constraint A). 


IV) results In slightly lower uranium demand than the 
The computations have been repeated for historica! market penetration con- 


e used (scenario 111) because of thelr higher conver- 
straints (constraint B in Figs. 3 and 4). These results are snown In 
Figs. 9 and 10 for introduction dates of 2000 and 2020 respectively. 


ar to those iu Fig. 7 бог an Introduction date of 2020 
Figure 9 shows that If hybrids and advanced reactors are to be in- 


8. For comparison, the results for scenario [| with 
troduced in the year 2000 and allowed to penetrate the market under 


on In the year 2000 are superposed on Fig. 8. Such com 
historical constraints (constraint B In Figs. 3 and 4), the demand can 


bie s!nce the hybrid development program [5 at least 
be met within the known resource base only If hybr'ds are to be coupled 


d that for the breeder. It is clear from Fig. 8 that 
to fast breeders (scenario Vi). If the Introduction date Is delayed 


‘troduction %!11 2020 would make It Impossible to meet 
till 2020 (Fig. 10) the cumulative uranium demand for all hybrid scenarios 


ient of the demand within the known uranium resources. 
would be considerably larger than the resource base. The uranium demanc 


hat the breeder alone can "Фо the job" if introduced 
values for U/Pu hybrid scenarios V and УІ are lower than those for Th/U 


,. |t should be emphasized that the results In Fig. 8 
scenarios 111 and IV since the former take credit for the plutonium 


st penetration constraint ል so that these estimates of 
w 
produced In pre-hybrid LWRs. In all cases, however, it appears that 


inium demand are the lowest to be expected for an intro- 
traditional market penetration constraints wil! be too restrictive if 


20. Scenarios V and У! are the only options with 
breeders alone are Introduced In the year 2000 ог If hybrids and breeoers 


demand only slightly higher than the resource base. 
are simultaneously introduced in 2020. 









Market Penetration Constraints on the Cumulati ve 





111.4. Annual Uranium Demand 





emand 
— In addition to the cumulative uranium demand values presented above, 


presented in Figs. 7 and & represent lower bounds on 
the variations of the annual uranium demand with time for the different 


an!um consumption for the different scenarios because 
scenarlos have teen computed. The annual demand values are of Importance 







to major consuming countries with scarce resources of their own. For 





these countries, such as western Europe and Japan, uranium accessibility, 




















i.e. the ability to buy their uranium needs on the open world market, is 
of concern. 

Figure 11 shows the annual uranium demand for scenario IV where Th/U 
hybrids are coupled to HWRDs. The results are shown for hybrid introduc- 
tion dates of 2000 and 2020 where market penetration constraint B is used 
in both cases. Figure 11 shows that before hybrid introduction the annual 
uranium demand rises monotonically to match the increased nuclear capac.ty 
(once-through LWRs). After hybrids are introduced, the annual uranium 
demand continues to rise at a slower rate until a sufficient number of 
hybrids and HWRDs are built so that their combined capacities along with 
the converted LWRDs would compensate for the increased nuclear capacity. 
Beyond that point the annual demand begins to drop as Once-through LWRs 
are decommissioned (or converted to LWRDs) and reaches zero nearly 35 
years after hybrid introduction. The peak annual demand values are 0.17 
and 0.26 million tons per year for introduction dates of 2000 and 2020 
respectively. 

Results nearly identical to these shown in Fig. 11 have been 
tained for scenario 111 where Th/U hybrids are coupled to LWRDs. 
peak annual demand values are 0.17 and 0.26 million tons per year 
introduction dates of 2000 and 20?0 respectively. These values are quite 
reasonable and indicate that uranium accessibility on the open world 
market for major consuming countries is not the main problem; rather, 
the problem is still the adequacy of the resource base. 

Figure 12 shows the annual uranium demand for scenario VI where U/Pu 


hybrids are coupled to fast breeders. The hybrids and breeders are assumed 

















to enter the market simultaneously ai either 2000 or 2020 with penetration 
constraint B (Figs. 3 and 4). These results are somewhat different from 
those in Fig. 1] inasmuch as they are characterized by double-peaked var- 
iation in the annual demand. The drop after the first peak results from 
utilizing the plutonium produced in pre-hybrid LWRs to start newly built 
FBRs or fuel those LWRs which have been converted to burn plutonium. The 
second peak ís reached nearly twenty years after hybrid and breeder intro- 
duction. By that time enough of these reactors would have been built to 
compensate for the increased nuclear capacity. ihe uranium demand then 
decreases with time as more LWRs are decommissioned or converted to burn 
plutOnium. The uranium demand drops to nearly zero approximately forty 
years after hybrid and breeder introduction. The peak annual demand 
values are 0.11 and 0.17 million tons per year for introduction dates of 
2000 and 2020 respectively. These are somewhat lower than those for the 
Th/U scenarios 111 and IV primarily because of the plutonium credit from 
LWRs. 

Results similar to those in Fig. 12 have been obtained for scenario 
V where U/Pu hybrids are coupled to plutonium high converters. Again, a 


double-peaked behavior is obtained with maximum values of 0.1] and 0.17 


million tons per year for introduction dates of 2000 and 2020 respectively. 


111.5. Time-Dependent Shares of Different Reactors 





The results presented in Figs. 1l and 12 can be best understood by 
examining the time-dependent shares of the different reactor types. Fig- 
иге 13 describes the time evolution of scenario ІУ where Th/U hybrids аге 


coupled to HWRDs. These hybrids have a low blanket multiplication and 

















breed their own tritium fuel. Power producing Savannah-river-type 
reactors are used to provide start-up tritium for the hybrids. The 
hybrids are Introduced In the year 2000 with market penetration constraint 
B. 

Figure 13 gives the time-dependent shares of the different reactor 
types. These are the values obtained using the strategy optimization code 
SOP-KA and result In the minimum possible cumulative uranium consumption 
by the year 2075 subject to the above stated constraints. The upper 
line In ፻19. 13 represents the projected nuclear capacity In 18516 2. 


The regions between different lines represent capacities cf the indicated 


reactor types. 


As can be seen from Fig. 13, as U-233 producing hybrids penetrate 
the market gradually, HWRDs are built to burn the U-233. However, once- 
through LWRs continue to be built after hybrids are introduced to meet 
the balance in the increased capacity. As more hybrids enter the market, 
additional HWRDs are built to meet the increased demand and replace de- 
commissioned once-through LWRs. Also, by the year 2020 excess U-233 be- 
gins to accumulate so that some of the once-through LWRs are converted 
to LWRDs. 

It is interesting to note that throughout the period of interest the 
necessary hybrid capacity is relatively small and becomes considerably 


lower than the constraint imposed by market penetration after roughly 


twenty years from its introduction. The maximum installed hybrid capacity 


for this scenario is nearly 220 GWe and occurs at 2050. This is an 


advantage of Th/U hybrids because of their high support ratios; this 


issue will be discussed below. The number of SR reactors required for 


























this investiga tion. 





start-up tritium for the hybrids is extremely smal! 
Fig. 13). The maximum SR capacity for the scenario 
is nearly 15 GW and occurs at 2030. 

Results similar to those shown in Fig. 13 for ` 
in Fig. 14. Here, Th/U hybrids are coupled to LWRD 
hybrid capacity is relatively small being about 285 
maximum SR capacity is nearly 17 GWe at 2030. 

The high support ratios obtained with Th/U hyb 
lustrated in Fig. 15 where the ratio between capaci 
side ''the fence'' is plotted as a function of time f 
and IV. These results are based оп the data in Fig 
these scenarios it is assumed that the hybrids and 
will be placed within secure boundaries while all o 
available to countries which need them. The outsid 
from a value of infinity at the point of hybrid int 
in this case) to a broad minimum value 40-50 years 
support ratio initially decreases as more hybrids e 
later rises slightly as enough U-233 is accumulated 
stalled converters without building more hybrids. 
inside ratios in Fig. 15 are approximately 7.7 and 
and IV respectively. 

Results similar to those shown in Figs. 13 and 
V and VI are shown in Figs. 16 and 17 respective! y. 
the initial sudden drop in the LWR capacity results 


of them to burn plutonium. The LWR capacity contin 


(exaggerated on 


shown in Fig. 13 
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s. Again, the maximum 
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the point of hybrid introduction because of its gradual market penetra- 
tior. Ав enough hybrids and breeders (or HCs) are built, the LWR capacity 
decreases as the reactors decommissioned at the end of their lifetimes are 
replaced by breeders (or HCs). It is clear from Figs. 16 and 17 that a 
larger number of hybrids will be required for U/Pu systems than for Th/U 
(Figs. 13 and 14); this is a direct result of their lower support ratio. 

The maximum hybrid capacities are nearly 1325 GWe at 2075 for both scenarios 
V and VI compared to 285 and 220 GWe for scenarios 111 and IV respectively. 
The maximum SR capacities in Figs. 16 and 17 are nearly 23 GWe at 2055; 
these are extremely small so the use of tritium-breeding fast reactors 


(FBRTs) instead of SRs would not alter the results. 





























































per year. The demand disappears entirely after 35-40 years from hybrid 








IV, CONCLUSIONS 
Introduction. This means that uranium accessibility for large consumers 




















Based on the results of this investigation the following conclusions | with little resources of thelr own will not be th i ob! 
5 በ 6 main problem; | 
can be drawn: 
adequacy of the resource base remalns to be the primary Issue. 
(1) From а resource standpoint, hybrids which breed their own tritium ; (6) When Th/U hybrids with low blanket multiplication are coupled to 
fuel and have a low blanket 1tip!icati ferable. 
к шас weg wv m y denaturated light or heavy water reactors, a relatively small hybird 
The resource penal lated with tritium breed! Ide th 
е ккө —" и ሼም ብበ — ችት ኞች capacity will be required because of their high support ratlo. Hybrids 
hybrid is quite d | | val del In hybrid 
y - ae we S 9792997755 9 гу In hyor and tritium producers may be placed within secure bcundaries while the 
Introduction until a sufficient number of tritium producers is built. supported converters would be avallable to countries ህል የአ weed ме 
(2) Hybrids have the potential to lower the cumulative uranium demand to The minimum outside/inside ratio obtained In these scenarios ranges 


from 7.7 to 10.0 for LWRDs and HWRDs, respectively. 







values well below the resource base. However, the time window for 


hybrid introduction Is quite near and narrow (2000-2020). 










(3) If breeders or plutonium high converters are not used, hybrids must When the above conclusions are coupled with the current status of fusion 
be introduced early (2000) and must penetrate the market rapldly [የ research and projected progress milestones, one cannot escape the conclusion 
the projected nuclear component of the energy demand 15 to be met that the development and deployment of hybrids does not diminish or eliminate 










within the resource base. If delayed till 2020, the demand can be the need for fast breeders. 


met only if hybrids are coupled to the breeders and If both reactor 
types are allowed to penetrate the market rapidly. 

(4) Traditional market penetration constraints г -е too restrictive so 
that hybrids will not "do the job" unless they are simul taneous ly 


introduced with the breeders in the year 2000. 








The use of hybrids results In a significant reduction In the maximum 
annual uranium demand. Values of 0.11 and 0.17 million tonnes per 
year have been obtained for U/Pu and Th/U scenarios respectively 
when hybrids are introduced in the year 2000. The corresponding 


values for an introduction date of 2020 are 0.17 and 0.26 million tonnes 
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Forecasts of World Nuclear Capacity [16] 


TABLE ! 


Capacity at year's end, GWe 























— поа Year 2000 Year 2010 
ЕТА Oct. 1978 700-850-1050 970- 1180- 1450 
INFCE Oct. 1978 831-1207 1150-1670 
AECL/WEC July 1978 1142 1580 
ERG/WEC July 1978 967-1284 1340-1780 
OECD/IAEA Dec. 1977 1000-1890 1390-2620 
WAES May 1977 913-1772 1260-2450 











Year 





1980 
1985 
1990 
1995 
2000 
2005 


2010 


Capacity 


(GWe) 





145 
245 
375 
550 
830 
1080 


1295 


Year 


2015 
2020 
2025 
2030 
2035 
2040 


2045 











*Centrally Planned Economy Areas Not Included. 


TABLE 2 


Capacity 


(GWe) 





1475 
1650 
1795 
1950 
2100 
2250 


2400 


World Nuclear Demand Projection Used in this Scudy* 


Year 


2050 
2055 
2060 
2065 
2070 


2075 





Capacity 


(GWe) 














Parameter One 








2550 
2700 
2350 
3000 
3150 
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Discharae Burnup, 
MWd/kg 
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Initial Core Loading 
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«9 235y IR 
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kg Total Heavy 797 
Metal 


Equilibrium Annual 
Loading (a) 

kg 233; 

«9 2550 8 

kg 155116 Pu 

kg Heavy Metal 251 
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MT sw (>) ] 
Equilibrium Annual 
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MT suy (b) 
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gn Parameters for (1 бие) -Lignt and Heavy Water Reactors [1] >= EY ~ 





TABL & Design Parameters for (1 GWe) Breeders and Pu High Converters 


























LWR . HWR 
> と Uranium Pu Denatured Denatured 
rough Recycle Burner Breeders 
| | 
33 33 33 35 16 | FBR FBRT '*? ዘር 
0. 59 0.60 0.71 0.78 0.93 Breeding (Conversion) Ratio 1. 32 1.9 (>) 0.95 
initial Core Loading Per GWe 
° ° 0 1582 1648 kg Fissile Plutonium 3158 3200 8 300 
O 1200 153 >h al kg Total Heavy Metal ኬ) 90 ,000 90 ,000 84,000 
0 0 2147 0 0 Equilibrium Annual Loading - 
kg Fissile Plutonium 1481 1500 1400 
90 79700 79700 79700 113000 
kg Heavy Metal 32 ,000 32,000 14,030 
Equilibrium Annual Discharge ©’ 
kg Fissile Piutoni um 1694 1500 1345 
0 0 0 722 831 kg Heavy Metal 31,200 31,200 13,200 
04 804 50 62 52 ; kg Tritium 0 2.0 0 
0 C 1003 0 0 Net Annual Gain!) 
00 25100 25100 23500 56100 he 01ከ6116 Piutant a 213 
48 148 0 0 0 kg Tritium 2 
19 119 0 0 0 Шаа | 
Additiona! details may be found in Reference [19]. 
b w , 
Does not account for tritium breeding. 
m “Assumed 70% capacity factor. 
- 0 0 435 729 
- 216 27 62 $2 
- 163 646 57 32 
- 24300 24300 22 700 55200 
ዎ 33 ዐ 0 0 
= 6 0 0 0 
) 
- 0 0 8970 3540 
- -4830 11200 - 1690 -944 
70 3490 0 0 0 
10 3450 0 0 0 
actor 
ay 


djusted by end-of-life creait and by 1% not immediately 
ach in fabrication and reprocessing. 
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TABLE 6: Market Penetration Constraints 


PROJECTED WORLD МИС 













































| -Pro | 1 GW 
TABLE 5 рез ee fo ne oducing (16ህ6) MAXIMUM ALLOWABLE CAPACITIES (GWe) TO BE BUILT WITHIN EACH 5-YEAR PERIOD* 
TABLE 7 
әнші іше ізін የኔኑ በ Хх“ Introduction Date = 2000 Introduction Date = 2020 Uranium Resources Outside Centrally Planned 6000 | | | ለክ 
—— — “| (Ton) й = た B ር A B C Economy Areas, MT U (from [1]) BN 
Equilibrium Annual Loading 
Natural Uranium Equivalent (Ton) 164 | 2000-05 12 | 
ve | (b) (c) са —— —Extrapolation 
Annual Tritium Production (kg) 9.0 05-10 12 / 
| 10-1 18 — ۹ ані Туре of resources E 

ч ich | ($/kgU) yp / 

An overall thermal efficiency of 32% is assumed. 15-20 18 i 

Based on 705 capacity factor. | | Reasonably Estimated Speculative / 

| ' | » | A d Additi ] 

“corresponds to 4.1 kg/GWt-year of full time operation (for l 20-25 23 ete Д IL Resources / 

details see [20]). 25-30 23 4000L / 

| 30-35 47 
35-40 se less than 80 $/kgU 1.73 (reserves) 1.47 Hiah D d 
40-4 c 80-130 $/kgU 0.63 0.82 Igi eman 
5 7 Projection. | 











45-50 9] а 
50-55 
55-60 
60-65 2 4 
65-70 2ОООР- ン 
70-75 

Low ሀ. 
š Proje: 


“Figures include replacement of decommissioned reactors. ል 30-year 
reactor life is assumed. 
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Figure 1. Projected World Nuclear Cap. 
Projection has been used in 
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РЕМЕТКАТ!ОМ CONSTRAINTS | 
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Figure 4. Market Penetration Constraints for an Introduction 
Date of 2020. 
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Figure 3. Market Penetration Constraints for an Introduction 
Date of 2000. 














Figure 5. Variation of the Cumulative Uranium Consumption with 
Time for Scenario VI with High and Low Blanket Multiplication. 
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Figure 2. Schematic Diagram of the different Scenarios 
Examined in this Study. 
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Figure 6. Variation of the Cumulative Uranium Consumption with Time for 
Scenario !V with and without Tritium Breeding in the Hybrid. 








2075 


Figure 7. Variation of Cumulative Uranium Consumption with Time for the Different 
Scenarios shown in Fig. 2. (These represent the lowest possible values 
since Constraint ል is used with introduction date of 2000). 
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Figure 8. 
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Comparison Between Breeder Scenario || and Hybrid Scenarios 
Iil-VI for Constraint A with Introduction Dates of 2000 and 2020 
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Figure 9. Cumulative uranium consumption for the different scenarios 
shown in Fig. 2 for realistic market penetration constraints 
(B) vith Introduction Date = 2000. 
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Figure 11. 


























OILVY 30ISNI/ 3 





E 0002 : 340 “OYLNI 
8 : ІМІУМ15М02 






































"8 3ህ198፡435ህ03 Ч31М 0002 4e2A u! ዞ983ኮዞ0ሪ3ህ! зле Ssp11q4H 
"111 орлецеоб 20) SadAy 2032e2y 31u9409JJ!Q jO ѕәлецс̧ зигриздгд-зші| ሠበህ| 190 


ЗИМІ 


0606 сод 0005 S¿6| 
T T T ЖӘ 





“hl 94n514 





(10) 
УМП 





0006: 3190 OYLNI 
8: LNIVYLSNOD 











(9ለለ9) ‘А LIOVdVO 
































8S| 









































— 


en 


= 

















( рРезелаббехо 人 11U511S uəəq sey иоубә. 
YS 241) "ለ1 olieua5S JOY SedA」 403282ህ 3ህሠ2፤233 10 jO SeJeus JUMmPusdeg—-ow); ሠበሠ| 190 “ሂ [1 934n51j 


ЗИМІ I 


aw Y Y U aii 


9202 0502 6202 0002 6261 
| О 














. 3190 OMNI 
. ANI VH LSNOO 











(емо) 'ALIOVdVO 































































































Ex 




















* (pasn uaad 
seu 8 3uieJ1suOo) uO!lejləuəd 19518 W) 0707 рме በ007 u! Siəpəəjig pue SPIJqAH 40 цого 
-2npoJ3ul 5погиєз|пшіс 40) IA olJeua5S 40) ሠ14 ዛን3 !” pueueg шп |ህዩሪበ jenuuy уо uol3el4eA ‘Z| запбіз 


3W!1 
6202 OSOS Szoc OO OC 6261 


==] | О 








0202 = 31V0 OMANI 











8 : LNIVSJISNOO 


ርህ 
(4004/1 01)‘ QNVW30 WNINVUN ПУПММУ 

































































የዓ 

















Examined in this Study. 
































































































































































































































































































- Si < 
қ に PPENDIX A 
5 " P b^ P 10.25 + 0.75 M) (A-1) 
| l | ሶህ t 
HYBRID DESIGN PARAMETERS 
| 1 = | | | i ltiplication. | 
2 z | Š | 5 | In order to determine the preferred hybrid concept from a resource ! where Р, is the fusion power and M is the blanket energy multiplication 
ሥመ 00 - ፲ፎ an he à 1 РРС қ | T 
Q i Е = 5 ጩ ፦ ር. Viewpoint’, four hybrid designs have been examined for each of the ፲ከ/ህ The recirculating power fraction f is given by: 
zu - a x 5 u I 55 "T 
ЕЕ ርን ч ፖ ^s and U/Pu cycles. These designs correspond to whether the hybrid is h а Mn h TE" nyG [0.25 + 0.75 МІЙ (A-2) 
ሆነ О + 
° ን ፪ 
85 O T ጩ ሰ M primarily a fuel or power producer (i.e., low or high blanket energy 
ኸ 6 9 6? $ 23 ማሜ Е ነ ተ! ከ is the thermal efficiency of the hybrid power cycle; a value of 
М = መጣ Q 8. - > а. к >< multiplication) and whether ог not the hybrid breeds its own tritium. — "ш ' - ———— y P y 
(3 如 нә ኑ- = ч \ 
= w i i ; ; 0.40 has b lected. The net electrical output of the hybrid P will 
ч っ sé 5 = =< с > The main design parameters for these eight hybrid designs are given as been Selecte P y e 
о € en? Qc ос : ' ' 
の і ° | መሌ. F n $^ : in Tables А-1 through A-4. These parameters are based on numerous therefore be given by: 
A に 
—7 O 52 об e E ; ! i i [9-15]. The hybrid 
c а neutronic calculations reported in the literature [9 ° e ካሃ m " ha 
ርህ а” $ c 5 > ^ Pen the! ғы (А-3) 
i^ e a ህን > = fissile breeding rates used in this study represent upper bounds on 
に = a Ш = т ; і iti | ' ዕየ 5 kg/GW is assumed which 
22 сі uj 4 М. ጣዳ O 2 E Š the values reported in the literature, and therefore, the estimated For all hybrids, a tritium inventory of 5 kg/ | 
Е > © Pr ገ= o^ Ж N от | is conservatively low. Рог Th/U hybrids (Tables А-1 and А-2), the low 
1) ш i | N 2 v9 а 1 | - cumulative uranium consumption figures are optimistically low. | , і 
- * BS | 
2 = = = ብ BS і c o 二 ! ; 4 lized to 1 GW and high blanket multiplication values selected are 1.5 and 5.0, respectively. 
міз 0 ድፎ a < 5. Тһе data given in Tables А-1 through A-4 are normalized to 
፦ -- c ሻ е 2d に 2 қ ' "e қ 
" қ ከ d ber of breeding captures per D-T fusion event [5 1.5 
ጋ О $ : ^ = rë: Н} > ፎ м of fusion power; they may however be renormalized to any reactor size пе corresponding num g cap ዞ 
E — 8 8 O $ 5 O に " ' қ ' and 1.75, respectively, so that for hybrids which breed their own tritium 
E O "а О 5 2 | э d O ç$ て using the intrinsic breeding rates given in the tables. The net 
ርህ S .- е О » ፦ ፅ ሴ O ርን 6. Lea! - i 
u th ber of fissile atoms (U-2 roduced per D-T fusion event are 0.50 
4 ድ Ç m DN O à < ጩ  ህ O n に electrical output is given for three values of the product поб of the е w эте (U-233) р р 
“ው -* ш e Bo AJ" -ኀ ርጋ et and 0. respectively. The corresponding values for hybrids with no 
- 6 5 с p H- = 7109 FEO E Ж ኑ- aa N に < driver efficiency and fusion gain (or Q), namely 2, 5, and 10. Unless 75, P y 3 
፦ | <ሟ "ና 5 ቲ I iti i 1.50 and 1 respectively. 
1 4 Š 42 = = š ° | E = E - otherwise specified, the results presented in this report pertain to tritium breeding are 1.50 and 1.75, respe y 
ወ v の = る る с. ድ > G = 5.0 For U/Pu hybrids (Tables А-3 and A-4), the low ana high blan':et 
ፔ 26 ° ot = ር) Np? = 
5 > ーー に О . - ipli i ] d .0 d 50.0, respectively. The 
- 9 - x 2 ፦ | > 2 E M: For all hybrids, it is assumed that 75% of the fusion power 15 multiplication values selected are 5.0 and 5 р у 
ነሙ wo = | | Р 
“ገር v z e 2. T «ий 3 e " carried by the D-T fusion neutrons. The remaining 25% is in the form corresponding number of breeding captures per D-T fusion event are 2.5 
к» HE ሠ "à ሄን Š p 5 < and 5.2, respectively, so that for hybrid with 8 tritium breeding የ3110 
ELO > | | | m = | | | ወ e of photons and ions so that the total thermal power of the hybrid Р Ен , 
4 = に O O O በቤ ш T e - ら O — А > of unity the number of fissile atoms (Pu-239) produced per D-T fusion 
O is given by: 
— O © e О 2 e = ` event are 1.5 and 4.2, respectively. The corresponding values for 
የን N т" 4 
6 ( 9M ኃ ) | ALIDVAVI hybrids with no tritium breeding are 2.5 and 5.2, respectively. 
(емо) “ALIDUVAVI 
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For hybrids with high blanket multiplication the initial fissile 
loading is based on a 4% fissile enrichment and a thermal power density 
of 100 W/cm? in the fuel zone of the hybrid blanket. It is assumed that 
40% by volume of the fissile breeding blanket is occupied by fuel material; 


the remaining sixty per cent is occupied by the coolant and structure. 



































TABLE A-2: Design Parameters for Th/U Hybrids with 










TABLE A-1: Design Parameters for ፐከ/ሀ Hybrids with 









High Blanket Multiplication With and Without Tritium Breeding 





Low Blanket Multiplication With or Without Tritium Breeding 












PARAMETER Tritium Breeding 
а ーー š PARAMETER Tritium Breeding 
Yes No 












Blanket Multiplication 1.5 

Fissile Breeding Ratio 0.5 1.5 | | Blanket Multiplication 2.0 

Tritium Breeding Ratio 1.0 0.0 | Fissile Breeding Ratio 0.75 0.79 

Tritium Inventory (kg) 5.0 Tritium Breeding Ratio 1.0 0.0 
65.45. 46 s SS 6፡46 468546. SSS SSS መሙ | Tritium Inventory (kg) 5.0 


1 P Mwt 1372 
Therma ower ( ) Fusion Power (MW) 1000 








G Elect. Output (MWe 550 
ross Elec utput (MWe) Thermal Power (MWt) 4000 
2 





Gross Elect. Output (MWe) 


Net Elect. Output (MWe): пре =ላ 5 375 2 1155 


10 460 Net Elect. Output (MWe): np =) 5 1410 
U-233 Production Rate (ton/y) (a) 2.17 6.50 10 1500 
Required Tritium (kg/y) (a) 0 ot U-233 Production Rate (ton/y) (8) 3.25 7.58 
Initial Fissile Loading (ton) 0 Required Tritium (kg/y) |?) 0 EE. 
Initial Fissile Loading (ton) 6.6 6.6 





(а) figures are based on 100% capacity factor; a 70% capacity factor is 
assumed. 





(a) Fi gures are based on 100% capacity factor; a 70% capacity factor is 
assumed. 




















du 
























TABLE A-3: Design Parameters for U/Py Hybrids with Low 








Blanket Multiplication With and Without Tritium Breeding 








PARAMETER Tritium Breeding 
Yes No 



















Blanket Multiplication 5.0 






Fissile Breeding Ratio 1.5 2.5 



















Tritium Breeding Ratio 1.0 0.0 






Tritium Inventory (kg) 5.0 


ешь = «= «= “< «нк» “s ми» «ни» «мм» መ ረመ መመሪ መመሪ ረመ መመሪ «ни» «мш» ew ew «жы» መ “መው кш» “መ =» “መ መ መመመ Ss «мм» 






Fusion Power (MW) 1000 






Thermal Power (MWt) 4000 









Gross Elect. Output (MWe) 1600 








2 1155 


Net Elect. Output (MWe) : npe «| 5 1410 





10 1500 















Plutonium Production Rate (ton/y) 9! 6.66 im 






Required Tritium (kg/y) 9) 0 56.1 


Initial Fissile Loading (ton) 














(а) Fi gures are based on 100% capacity factor; a 70% capacity factor is 
assumed. 































TABLE A-4: 





Blanket M. 





PARAMETER 


би 





Blanket Multiplica 
Fissile Breeding г 
Tritium Breeding f 


Tritium Inventory 


Fusion Power (MW) 
Thermal Power (MW! 


Gross Elect. Outpı 


Net Elect. Output 


Plutonium Product. 


Required Tritium | 


Initial Fissile L« 





(а) Figures are ba: 
assumed. 
























Design Parameters for U/Pu Hybrids with High 





ltiplication With and Without Tritium Breeding 





Tritium Breeding 





Yes No 
ition 50.0 
lat io 4.2 5.2 
latio 1.0 0.0 
(kg) 5.0 
1000 
) 37,750 
ıt (MWe) 15,100 
2 14,600 
(MWe) : Npe «| 5 14,900 
10 15,000 
ion Rate (ton/y) (9 18.7 23.1 
(kg/y) (a) 0 56.1 
ading (ton) 6ፅ 6ፅ 


sed on 100% capacity factor; a 70% capacity factor is 

















APPENDIX 8 


THE STRATEGY OPTIMIZATION CODE (SOP-KA) 


SOP-KA is a computer code de.eloped at the Nuclear Research Center 





in Karlsruhe (FRG). The code is used to determine the optimum time de- 


pendent shares of different nuclear power reactor types subject to a 





specified set of constraints so that a given functional can be optimized. 





The constraints 8፡6 primarily che overall power demand projection, maxi- 
mum market penetration rates for different reactors, availability of fuel 
cycle faciiity capacities, availability of fissile materials, and reactor 
lifetime. The functional to be optimized may be the cumulative uranium 
consumption over the period of interest (as is the case in this study), or 


the overall system costs, etc. Annual and cumulative balances are made 





for the different variables, i.e. materials, costs, etc., taking into 
account any lead or lag times which may be specified for each variable in 
each reactor type. Standard Linear Programming Software (18М-МР5Х/370) 

is used (о determine the optimum mix of the different reactors as well as 
the time histories of the different variables over the period of interest. 
` In the following, the methodology used in SOP-KA is briefly described. 


Additional details may be found in [17]. 







The time span of interest is divided into N consecutive periods of 


length p (recommended value p = 5 years). The projected nuclear capacity 







for these different periods is given the symbol P(n) where n = 1, 2..., 
N +1. Let X(r,n) be the capacity of reector type r during period n. 


Hence, 


) X(r,n) = P(n) 
, 


















































E(r,m) end-of-life inventory discharge in F/GWe. 


where X(r,n) > 0 (1b) 









ап! U(r,m) surplus in F/GWe-year. 








and X(r,n) = 0 for n < t (г) (1c) | | 
ә The cumulative fuel cycle demand K(m,n) of material m till the end of | 












where t (የ) is the introduction time of reactor type የ measured in period n measured in F units (e.o. tonnes of natural uranium consumed up 
O° у 





to period п) will therefore be given by: 





periods. The variables X and P are measured in the same units (e.g. GWe) 






and account for the load factor. 





; | K(m,n) = K(m,n-1) + || (rm) x Z(r,m) 
Let Z(r,n) be the reactor additions of type r during period n. й 







Hence, for all г and n, 





з ፻ (የ,ጠ) х 2(г,п-1._) 





X(r,n) = Х(г,л-!) + Z(r,n-L ) = Z(r,n) (2a) 





+[U(r,m) + L(r,m) +D(r,m)] 






x[X(r,n) + X(r,n-1)] x T (3a) 








V 
ርጋ 
- 
лд 
С 
مب‎ 


K(m,n) > 





whe re L. is the lifetime 





Y - ጀ r.n-1)] አ (ጠ ንዐ ) = ዐ ወ (36) 





presents the potentially necessary addit 











is the actual change in сарас!! ча ; | ሐ. ' " гав è ‚ 
Equation (3b) guarantees availability of material ጠ if the needs 






i ry to guarantee th fet iim ካ የ | 
is necessary gu (1(r,m) and L(r,m)) are negative and the discharges (D(r,m) and E(r,m)) 






Additional simple 





are positive. This allows multi-stage introduction of several symbiotic 





rding to introduct tim | В 
— 9 . reactor systems. For example I(FBR, Pu) could be the negative of the 





types. These constra 





plutonium fuel cycle inventory for a fast breeder reactor while ሀ (FBR,Pu) 






hichever is more conv: 
— is the positive of the yearly plutonium surplus of the breeder and U(LWR, Pu) 







Let m be an index for ፡ ሸማ | ; қ | i 
E is the annual plutonium production of a light water reactor. The maximum 













in F units, where 4 ҮҮ. | 1 imi | | 
additions of breeder capacity will ther be limited by plutonium avail- 








iven reactor type የ, the ? ! ! | 
y ability. To calculate the natural uranium demand (e.g. for light water 






የነ የ 


"(г т) inve | ሐ + e ° 
| | reactors), | and L have to be positive while D and E are negative; this 






L(r ym) annual relos " 





poses no additional restrictions on the reactor split since IE| < |! 









annual Ji Scharat we 














and |D| < |1). 
Equation (3a) can be extended to include any lead times Š for | (r,m), 
lag times 6, and 6, for D(r,m) and E(r,m), and lead or lag times Š for 


L(r,m). These lead and lag times should not exceed p. The general form of 


Eq. (3a) can then be written as [17]: 


ዕ 
K(m,n) = K(m,n-1) + ) rm [ (1- = Z(r,n) 
r 


6 


Š 
+ (5) Z(r,n+1)] + E(r,m) [(1- > Z(r,n-L_) 


Se бу 
(Eten * U(r,m [(1- $T X(r,n) 


ŠU 
+ (50) xtr,0-2) + X(r,n-1)] ፦ 


+ D(r,m) [(1- や ) X(r,n) + (や X(r,n-2) «X(r,n-1)] 5 
, p r,n р r,n r,n > 


6 6 
+ 1(የ,ጦ) [(1- =) X(r,n-1) + = X(r,n+1) + X(r,n)] 5 
The annual fuel cycle demand A(m,n) of material ጠ at the end of 
period n in units of F/year (e.g. tonnes of natural uranium per year) is 


given by: 
А(т,п) = [K(m,n+1) - K(m,n-1)]/2p . (4) 


Additional constraints on A(m,n) and K(m,n) may be specified. Equations 
(1) through (4) can be supplemented to allow reactor retrofitting by 
introducing a new reactor type which replaces the old one and takes into 
account the already-used portion of reactor lifetime. 

The above equations are solved using IBM-MPSX/370 linear programming 


package. One can select a goal function which provides for maximum 











(3.1a) 

















. Ва; 


penetration of a given reactor(s) type (e.g. | 
limited only by the power demand projection, | 
light water reactor lifetime). Alternatively 
mum time-dependent shares of the different re. 
lative uranium demand for the period of inter: 
approach is used in this study. 


A brief description of the input and a 5: 


В.! The Input 





1. A problem identification name, the p 
periods to be investigated, the star 
period, and the number of power reac 
gation. 

2. The power demana projection for the « 

3. For each power reactor type, the fol 
provided: the period for the first 
optimal additional restrictions for 
power additions at specified periods 
cycle demand calculations. 

h. For each power reactor type and each 
calculation, the following data shou 
tory needs, the reloads and discharg 
discharges, and the corresponding le 


5. A flag to indicate whether optimizat 


B.2 The Output 





The following is a sample output represe 























































































































































- 65 eo 
naximum breeder Introduction, III in Fig. 2 with hybrid introduction in the year 2000 according to mar- Strategy 58 HY(ALL/U3/L) LWR Pace i війт ኔኔ Webb 
| | Hu, Жа = 1. |WI. | — | ከ፻ ከ ርር ደጊ A Mia: ЗО ba Ше A dad iiu A е” (l í D>; - ” ” ーー 一 一 一 一 一 一 一 一 一 一 一 一 一 一 SR HY(^UL/!13/L) (ЯК PAGE 2 уЗу LWP PAGE 3 
plutonium avai lability, and ket penetration constraint A (Fig. 3). The first three pages show the NRO ከው መ nn 44 240 ЛЕ D ——0— m = €: 
one can determine the opti- | d ስ i : t. ይ! : | | | | 
user supplied inputs. The projected capacity is first given followed b і 
рр р рго) pacity 9 ሃ ENERGY DEMAND (GWE): REACTOR LD: REACTOR HY: 
actor types so that the ርህጠህ- parameters for the different reactors. OT, LD, SR, and HY represent | 
| ግችሞች፡ 1375 15፻ር 1995 1992 1665 2000 ?CC^ 2919 2015 2020 AF F7 NL \у7 EL 47 ТЕ + 7 Fc м7 AP 57 AL ሃ 2 EL WZ 'JE EZ EF WZ 
ist is minimized. Тһе latter once-through LWRs, denatured LWRs, Savannah-river type tritium producers, wr 
£90 145 245 315 559 823 1289 1295 1475 1550 (371 =3,517 ጋሬር -2.631 2.0 23.402 2.2 2.000 0.7 9.917 2.5 HILF  C。OC 3.3 1.00 2.02 0.C0 9,2 2.22 0,2 23.00 0.0 
and hybrids respectively. UNAT, ОСОМ, U3BI, and TRIT represent the | TRIT -C.Cl 050 0.00 0.0 0.90 9.0 2.90 0.0 9.99 0,0 
1381 CesC9 9.0 0.00 ጋሬ ጋ 0。CO de) 4.94 263 0.02 0.0 
ample output are given below. natural uranium demand, the natural uranium committed, U-233, and tritium 204) OPERATION TIME (YEARS): Q (COMBINATION WITH LAST 
REACTOR OF WHICH 10»0) 
respectively. AB is the inventorv in tonnes, with lead time FZ years. 1765 1550 21CC 2259 245) 2550 2705 2850 7202 3150 BEGINNING YEAR: 2200 t bs ህ (YEARS): 30 
RESTRICTION FOR ADDITIONAL 2 көтеген 4 Ч 2300 
NL is the annual reload in tonnes with lead (or lag) time VZ in years. | : | j REACTORS: | | | ADDITIONAL і 2 
sriod length and number of | CTORS: 
Positive VZ values indicate lead times. EL is the annual discharge in N 
ting year for the first 2305 2010 
tonnes with lag time WZ in years. UE is the annual surplus in tonnes REACTOR SR: l 
tor types under investi- | 32 L 143 L 
with lag time EZ years. EE is the end-of-life inventory discharge in FUEL CYCLE DATA An F? AL у? FL 47 UE E ке м7 
tonnes with lag time WZ years. A»: INITIAL CORE LOADING F2: FABRICATION TIME (МАТ 448,5 2.3 164,0 1.3 JC Ved 0.0 0.0 -443,5 2.5 t AIMING FUNCTION (CUMULATED MASS, YEAR, WEIGHT): 
end of each period. AL: RELOAD (YEAR) V2: FZ - DELAY TPIT C。CCO 0.0 9639) 0,0 0.300 2,2 9.0929 1.0 0.2002 9.7 
The optimum time-dependent capacities of the different reactor FL: DISCHARGE (YEAR) М7: TIME FOR REPROCESSING LNAT 





2985 1.СЕ%092 








lowing data should be 
types are listed on page 65 of the output. The reactor additions for each СЕ: FINAL DISCHARGE OPERATING TIME (YEAR): 32 
introduction, the lifetime, BEGINNING YEAR: 2009 
reactor type within each five-year period are given on page 66. Page 67 DEFINITIONS: Е FOR = / G FOR >= / L FDR <= RESTRICTIONS FOR N PILF 
й ADDITIONAL REACTORS: MS icaid 





the installed capacity or 





contains the decommissioned capacities for each five-year period followed 







, and the number of fuel 





by reactor modifications on pages 68 and 69. The annual demands of each 





REACTOR OT: 
AR F7 ht У7 4 47 т є? сє чу 





variable are listed on page 70. HILF is a dummy variable and should be 






type of fuel cycle demand 





ignored. Finally the cumulative mass balances are given on page 71. 






UNAT 40-6 222 53255) 


14 be provided: the inven- м 
UCCM 4182.С 3.0 2 






es, the end of lifetime 





OPERATING TIME (YEARS) 3 
BEGINNING YEAR: 1972 
RESTRICTIONS FOR 0 
ADDITIONAL REACTORS: 





ad or lag times. 






ion is required or not. 





nting the case for scenario 
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9 。361F+02 
6.066С%01 
2.257Ғ%02 


7.745Е%02 
1.620E+0? 
6.096. +01 

e250E*01 


E,^CCE*02 
C。CCOE+00 
C,O0COE *CO 
C, ССЈЕ +00 






O0. 000° +00 
2008603 
0.000Ғ%09 
0.020Ғ%00 


0.0002Ғ%909 
2.001 +33 
0.0006%07 
2。487F+02 


0。000F+00 
1. 708F +03 
9.000Ғ%00 
3。919 と +02 


C.COCE+C) 
1. 762E +03 
6。CS6E+C1 
4 。744 ヒ E+02 


Js。000F+CJ 
1.4155%03 
6。096F+C1 
4.744E+92 


J。900F+00 
3。1 50F+ う 3 
0.900F+90 
90008620 


0.000F+00 
3.000FE 493 
0.900E+09 
0.000F +09 


0.000F +00 
2.850۴ +93 
9.090F+09 
OD .000F +09 


C,0CO0F +09 
2.550۴ *C3 
C eCCIE +00 
C OCOE+CO 


0.0005%00 
2.7С0Е%03 
9。0J0F+00 
9.000E+00 


C.000F+09 
3。450 と + ら 3 
0。000E+CO 
С.000Е%00 


С. ОСОЕ +00 
3,2 СОЕ +С3 
C,0COE «CO 
C.CCOF+CO 














1575 


E。CC0 と E+01 
0.902Е%00 

"ООСЕ%С0 
C。CCOE+00 


2 と CC 


2.800602 
С.С00Е%00 
Ce-000E +00 
C.COJE+CC 


2025 


С.СС0Е%00 
3.20CE +02 
C.CCOE+00 
С.С00Е%С0 


2050 


C,CCOE*00 
425595402 
Cs。0COF +С) 
Cs0C う FE を 0C0 


2075 


C.000E+90 
5.,300E*C? 
С.0092Е%00 
С.СССЕ%00 


ADDITIONAL REACTORS/PERIOD: 


1930 


8,500E+C1 
0.200F +20 
0.000Ғ%С0 
C。J00F+CO 


2005 


4。548F+07 
1 。620E+02 
6 。096F+C1 
8 (2506501 


2030 
00008600 
4. 350F *22 


0,000F*CO 
C, 000E*C2Q 


2055 


0.00)IE +0) 
4.7025%022 


С.220Еж%С? 


ወንጋጋጋርታቃሁጋ 


2090 


C,00CF*C) 
és 05C^ «02 
0,0020F*CO 
C.,000F *00 


1985 


1.009F+02 
2.000Е%00 
2.000Ғ%00 
9.090F+00 


2919 


0。000F+0J 
1.568r +0? 
り 。000F+CO 
1.432E+0? 


2935 


0.000Ғ%00 
2.6025%02 
0.090%%09 
Js009E+00 





2060 


0,020Ғ +00 
5,85 )Е+02 
J)。090F+00 
32.02968 +00 


1999 


1.300F +49? 
0.000Ғ%20 
0.000E+09 
0.0920Е%00 


2015 
0.200Ғ +09 
3.133Е%21 
0, 200Е +02 
2.487€ +02 

204) 

0. 000Е +00 
4 。5CJF+ り っ > 
0.900E +00 
0.000Е%00 
2065 


0。000 と E+0J 


6.190F+0? 


0.J90F+00 
0. 000° +99 


1595 


1 。750F+ け 2 
0.200Ғ%00 
0.0002Е%209 
5.0207%79 


2020 


0.000Ғ%20 
3.052Е%07 
9.090°+00 
)» 200800 


2045 


00020620 
4. 500F *22 
90007670 
2.202с +20 





2070 


0. 9007 +92 


6.0005 +72 
Je 770° +00 
02999* +10 






REACTOR-DECOMMISSIONING/PERIOD: 


Js000F+00 
9.00090E+70 
0.000Ғ%02 
Q.000F +00 


90028600 
ጋሬ ጋጋንየ +29 
0.900£+00 
2.020Ғ%00 


0.000F+09 
ጋሬጋዐ3ዮታ23 
00026620 
0. 000۴ +0 


С.СС2Е%С02 
0。CCJF «CO 
C,6C29E*00 
C。0CJE+CO 


l 。000F+ り 2 
0。]00F+00 
9.000€ *22 
0.000Ғ%02 


8 。 ら 5 う 0 と F+01 
0。090F+00 
2.000Е%С0 
9.200Ғ%00 


6。J00F+C1 
Nn.ON0E+CO 
2.020Ғ%09 
C.,900F *CO 


csO00F+00 
0.202Е%20 
ፅፀ ጋር «CO 
CeCOSE+CO 


9.200Е%09 
1.568Ғ%02 
0.000F +09 
1,4327 +02 


0。090E+09 
1.655*+32 
6.096€ +01 
3.250£+01 


С.220Ғ%С09 
2e 3COE* 22 
2.029Ғ%20 
С.220Ғ%25 


C.C00£+C0 
1.1535 %02 


C。0CCE+CO 


~ 
2 
SS 


0.000€ +09 
4。600E+92 
0.900Е%290 
0.200Е +0) 


2.000Е+09 
4.350 «C? 
7.000 *CO 
0.020F +07 


C。000E+09 
2.2997%062 
С.000Ғ%09 
0。0CJE+CO 


C。J0JF CC 

esC5)E ゃ tC2 
C。0C9F+0J 
CsC09F+C0 


0.200Ғ%00 
4.550£+02 
0. 000E*20 
С.20С<%092 


CsCCJE ゃ CO 
4.300Е%02 
C。CCCF+CO0 
C.CSIE+CI 















1995 








0.0005%00 
0.220 +70 
N.090E+00 
00007820 








2020 


2.200720 
1,300F*02 
0. 200° *20 
2。009F+09 


2945 


J.NINIF+N) 


3,1 23° +91 


2.000-%20 


204875490? 


2070 


0.000۴ +90 
4.500ғ%72 
0.000F +90 
0。090F+00 





























STRATEGY SQ HY(ALL/'13/L) LWR 
















ADDITIONAL REACTORS/PERIOD FOR COMBINATION: 





























С еСССЕФСО 
0,00 ЈЕ +СС 
со) CC +00 
0.СС2ғ%С0 


2.200Ғ%23 
С. JOJE+CI 
26 J99F *C) 
С.9226%27 


%,029=+060 
0.202 +09 
2,00 7F +00 
7.000 *0J 


0-00IJE +00 
0,000**20 
ጋፅ ጋጋጋዩ5 FC) 
9e-000F #909 


З» 909% 4:30 
92207620 
2.220ғ%20 
2, 200% )0 




























ርፀ ርጋህር ቀርጋ 
0.020Ғ%09 
Cs0CJE+CO 
Со СОСЕ *CC 


9.000£+3) 
2.226Ғ%С1 
2.900 +00 
0。J0)F+0JJ 


>s I0IE+C) 
Je092F +Ç 
0.0925%53 
2.02927%С5 


368 ),)()፣ +29 
5 。673F+J2 
) 200600 
J.YIIIF+C) 


2, IONE *)0 
Js0J0F+ り 0 
N.090-+97) 
„920705590 
















5.Сс00Е%62 
0.220:%СС 
С.СС02%С09 
C。CCC こ を CJ 


Je JOCF +90 
Ce 1095409 
C。0。JF を C0 
22.2975%30 


2.092:%0939 
)。9J9F+790 
ንሬጋጋን፥ +ጋዐ 
2.2007%07 


9.29225»702 
Qe 000F * 90 
0.200Е%92 
0.,200c*2) 


02099490 
ህፅ'ን]በ።ቃ ንባ 
0» 20709 
0. 220* *02 














Cs0CO0c を CO 
C.000f *CO 
usCC う E+C0 
С.СССЕжС? 


0.0028%02 
)。00JF+ り 0) 
0. 20795 #00 
0. 900F *C) 


2.003 +00 
J.000r #99 
2,002" #09 
J。00JF+09 


Je ЈОЈЕ +0) 
ጋሬ 700۴ + ጋጋ 
3.300€ +95 
0.009€ -.)” 


0.0020-%22 
2.902-%29 
7» 222777 
)。909 と +* ንህ 





C,CC27*09 
C。CC9 ど を CO 
(.4፡ር5ርቀርዐ 
С.СС27%С0 


2e 7006 と 4J2 
2. 9007%97 
3e IIIE+C9 
25.9229ғ:%27 




















STRATEGY 


CT 
LD 
ср 
ኑሃ 


CT 
tD 
S3 
РҮ 


cT 
LD 
SR 


a 


РҮ 


CT 
LD 
eR 


rY 


CT 
LD 
SR 
РҮ 
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¡GE OF COMBINATION/PERIOD IN COMBINATION: | YEARLY MASS BALANCE (CIN 1000 KG): 


O0F*C) 
ЈЕ ФСС 
OE #00 
єс? 


|25 


ЈЕ +00 
ЈЕ *CO 
J: +09 
| JF +00 


50 


ጋዬ +09 
c * CC 
,0 F۴ «00 
;,JE*CO 


‚15 


CE を CO 
JOE ቀ ህጋ 
,QF #09 
,QF «CO 





7980 


ጋሬ ጋር ጋሾቆር ጋ 
Ce. 9002407 
C。09JE+C り 
0。909F+J0 


2265 


1.000Е%032 
J0. 099۴ +6 ل‎ 
7.003۴ +09 
0.0095+#+CO 


2030 


C。0CCE+0J 
C。000F +0) 
0. 009E*CO 
2.000Ғ%90 


2055 


2.2005%99 
0.003£+09 
0。900F+ う J 
C 。JJ0E*3) 


2380 


0.000Ғ%30 
ご 。 り JCE+J0 
.2025%029 
2902ҒЕ%92 


o 


1985 


JeQOOF*CO 
2.0002Ғ%70 
2000600 


2019 


5 。673F+02 
)。009F を 00 
9 .000F +0) 
2.000Ғ%90 


2935 


0.200% *00 
9.000700 
100002 
C.,9023F*CO 


2069 


2.02022%09 
0.009* +00 
2.000ғ%00 
9.090€E +90 


1999 


0.000Е%25 
0.000۴ +02 
0.000۴: * 0 J 
9,000E *22 


2015 


2。226F+ う 1 
0。000=*J) 
0.202008 +09 
39.«000E*02 


2940 


Je000F *0) 
De000F+D ) 
0-000F +009 
0.032£+09 


2365 


Qe 9990F +00 
7.0390۴ +03 
0.009F+9) 
0.0032 * 20 


1995 


3200)© +10 
92000660 
2,0295 +900 
0. 020F +07 


2027 


08020769 
22005620 
9.020770 
ጋሬ ንጋዐድ +99 


2945 


7.0705 + 27 
0. 900F +22 
0.0227%99 
2。 う 900F+)0 


2970 


029005400 
)。000F+00 
0。000F*J0 
Yo 9390€ +50 





(МАТ 
LCCN 
USRI 
TPIT 
HILF 


(МАТ 
42” 
U3n] 
TRIT 
FILF 


LNAT 
UC GM 
U3?T 
TRIT 
HILF 


NAT 
LCC 
11321 
TRIT 
HILF 


UNAT 
ህር‹ 
U3PT 
TRIT 


! 
>2 
-2 

C 


1975 


1. 219° 204 
?ን1(ዓ፻ ፉርሪ 
C。CC う E+C0 
Ss CIIE+CO 
С, СОСЕ を CC 


2C J0 


° 269€ +05 
ዓር2=+ር3 
5]15+ፉር1 
134E-C1 
CCJE*2929 


a 
325 


ነ 


9 。 で 67 上 E+ と 1 
C。 と CcF+CO 
1 。493 ヒ E+03 
5.486E-Cl 
4.144€ +02 


2750 


C 。CC)F+C0 
ርሬርሮባዩተርር 


-1.,€5983E*C2 


veo “ጋር *CO 
C.000€+0) 


2075 


59. ሠ“ ጋት ФО) 
O 。00J ヒ すし し 
C, TESE*02 
C 。 り JC9 に と す CO 
С.200Е%00 


1992 


2.573Ғ%04 
8 。360F+)4 
0.00СҒ%053 
О, ЈОЈЕФС) 
0,00 )፤ ቆ3 ) 


2035 


2.248Е%7% 
Ye ጋህ 3ኛ ቆ ጋ ጋ 


ー7。 う 972F を 01 


с.749с-02 
9 。 つう J と すし ふく 


2232 


5.23337*)23 
Ce. 0CO0F ቀ ጋ ጋ 
1 。464「+J】 
5 。48 ら と =01 
4 。74 人 4 と + す 02 


2055 


Qe 2OCF +e) 
Се JCOFFHCY 


-8.260Е%92 


0.2907 #99 


9.7025%90 


2082 


С. ЈОЈЕФ+02 
ህፀፅ 30ሀ)0ዮቀጋዐ 


21.0! 7F*C3 





Cs000F+ こ J 
2.Ә005%03 


1985 


4.171°+4+94 
1.087<%05 
)e000E*C) 
ንን ጋጋንጀ ቆር ጋ 
2209954900 


2913 


2.0807 +04 


J.00 2 +9) 
1.91 °F +}? 


-1.129С<-021 


Pp, 978022 


2235 


J2099£4C0 
3.!000-%00 

s こ O 7 こせ 0 3 
1.0097ғ-01 
3,919F +02 


2060 


J。09JF+0J 
J 000۴ 405 


-8.514Ғ-%022 


0.000% +0 J 
9.000* «CC 


1990 


5.134E+ 734 
1,4623 +95 
0 。900F+00 
0. 900E * ንጋ 
0.52502Ғ%50 


2015 


9.99 °F #)3 
0.999F +0) 
9.8 70F +02 
4 。744F+)2 


2940 


92-900 * 20 
0,0007 *22 
6.961Ғ»22 
9.000620 
2。437c4D2? 


2065 


Je 902- ቀ 3 3 
0.000€+09 


=9. 363E +02 


0,0007 ቃዐን 
0.000fF+0) 


1995 


9。205F+)4 
2。 う 41F-+)5 
り 。J090 と +)79 
0. 070° +1) 
ጋን 0005 +0 


| 
2ንን 


9.С972%273 
),2729Сс%07 
1.542.353 
5.4 3677 )1 
Ge 744° +72 


2045 


).200=+20 
7.2035 «20 


2,9862 +72 


У» ) 00- + JA 


Ve ንጋኒን።ቆ ንጋ 


2075 


J)e 990€ ራባ ገ 
ጋሬ'3ህሀግ፣፡ቆገን 
-9,269-*9)? 
09 りり) と すり) 


02009499 










































Ф... 





ጌ © 
« 
з 
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Š г 
5 
ሸው መ 3 
+ 
” 
% 
: 6 
[n 
#" 
e W і: 
с 
a. ж» , 
г? y а 
ብ з 
2 
E 
T. 
& 
a ` 
4 
ú e ፎ 
፥ 
— 
ж 
`ç 
P a - Š 
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STRATEGY 


CUMULATIVE MASS 


UMAT 
ሀር" 
L3?! 
TRIT 
НТІ Є 


1672 


4.157£+C04 
4。190F+C5 
0 。C う )JF+00 
С.2С0Е%00 
C.,CCOF ቀር ጋ 


2099 


1 。431 ヒ E+C6 
3。C99F+C6 
C,0227 +00 
2.2022%09 
0,2072 +00 


2025 


2,4 35i +0€ 
3,097E*C^ 
1. 703: +04 
5,4355 +С) 
7.4 ”ጊ፲ርተር2 


2657) 


2,4€5-*C€ 
3。J37E+C6 
3,4&65Е+С& 
1,015* *C1 
1.4236 +04 


2015 


2.4652 CC 
2.СЕТЕ%О6 
1。291E+C4 
。015F+C1 
1.4 23۴ +04 


SR HY(ALL/ 12/15 


1939 


1.389Е%05 
8, 736Е+ 05 
0. 700۴ +99 
Ce 200Е +02 
Js JOUF+ ЈО 


2005 


26+ 1.9956 
7F+C4‏ 08 ,3 
ر ل + ۴( 07 من 
3 0+ 3070۴ 
063+2 :2 


2030 


25, 16F*C5 
3, 027€ +06 
2.444 +04 
3.2295 Ф0 ) 
б, 84 ЗЕ +93 


2739 


2043555406 
з 2877636 
3。073E+04 
1 。015 と +C1 
1.42 3Ғ +0 2 


2080 


2.4655 +7) 6 
2,28 7=+ 56 
7.933Е+9 3 
1. 2157 Ф091 
1.42 3Е+ 04 


1995 


3 。066F+05 
1.4092 +05 
0.020%00 
り )。009F+00 
J. 0C IF +00 


2010 


2225835406 
3 。JR7E+C6 
,مل‎ 0 700۴ +7 ( 
5.643°=71 
9.76535+02 


2035 


264795406 
3.0977+05 
3.111r+94 
2.8757%00 
1.291°+94 


2051) 


22455F +06 
3.087F+06 
2.655F+04 
1.015Г401 
1.а23ғ%94 


1999 


5 06445405 
2,2275ቶ+ጋይ 
り 。J00 と +)0 
0。000F+J) 
0.000€+9;) 


2915 


2.335E +96 
3,087 £ +04 
3 。059 ヒ E+ を J3 
0.900* +07 
25/72፻፻፥ፉህ2 


2049 


2 。465 ヒ +06 
3.237Е%25 
3,58^F +94 
1 。015F+01 
1,36?+ን)4 


2065 


2,465Е +05 
3298 "ЕФ )6 
29222E*94^ 
1.215Ғ%91 
1.423F +04 


1995 


Q,40n0F*05 
3。770F+ う 6 
0.200? +00 
0.000 + ЈО 
ጋሬ 29290F +90 


2020 


25385 +96 
2,097F+)6 
9, 3895ቀ32 
2.743С%:)0 
5 , 29953 


2045 


2。465F+)6 
3,287" *06 
3.7297%04 
12.2157421 
1.42 3с +) 4 


2077 


2.4557%26 
3,.087€+06 
1, 7665 +04 
1. 015° +21 
1.423% *)4 
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